Introduction {#s1}
============

The sinoatrial node has an intrinsic rate of spontaneous automaticity that sets the basic rhythm of the heartbeat (Jose and Collison, [@B36]). The dynamic balance between the sympathetic and parasympathetic (vagal) influences on sinoatrial node activity primarily determines the actual heart rate (HR) of a given physiological state. In healthy individuals, vagal modulation (or "tone") prevails under resting conditions. The role of resting vagal tone in healthy cardiac function has been increasingly recognized over the past 20 years (Levy and Schwartz, [@B45]). This was predominantly due to the rise of research that applied heart rate variability (HRV) analysis as a window into cardiac autonomic control. Mounting evidence indicates that those individuals showing higher vagal tone than average at rest tend to be more resilient to stress, adapting well across a number of different situations (El-Sheikh et al., [@B24]; Kok and Fredrickson, [@B39]; Smeets et al., [@B82]; Souza et al., [@B85]). On this regard, the beneficial effects of regular physical exercise on cardiac health appear to be mediated by an increase in resting vagal outflow (Smith et al., [@B83]; Rosenwinkel et al., [@B71]; Rennie et al., [@B68]; Soares-Miranda et al., [@B84]; Fu and Levine, [@B27]). On the contrary, low levels of vagal modulation may not adequately counteract sympathetic stimulation, leaving the heart vulnerable to ventricular tachyarrhythmias and sudden cardiac death (Schwartz et al., [@B76]; Esler, [@B25]; Volders, [@B91]). Several factors, including chronic life stress, negative personality traits, anxiety and mood states have been associated with vagal withdrawal and sympathetic predominance (Sloan et al., [@B81]; Friedman and Thayer, [@B26]; Rozanski et al., [@B73]; Gorman and Sloan, [@B28]; Lucini et al., [@B49]). Moreover, depression of vagal modulation characterizes cardiovascular pathology (e.g., heart failure) (Sabbah et al., [@B74]) and strongly predicts cardiac mortality after myocardial infarction (La Rovere et al., [@B42]). Interventional therapies for restoring the autonomic balance in such psychological and cardiac conditions include pharmacological, biobehavioral, and exercise strategies (Bryniarski et al., [@B11]; Iellamo et al., [@B34]; Tsai et al., [@B90]; Blumenthal et al., [@B10]; Nolan et al., [@B63]). Traditionally, pharmacological approaches have mainly been directed at reducing cardiac sympathetic outflow, while overlooking the possibility of enhancing vagal tone. This was presumably due to a lack of a comprehensive understanding of the central neurobiological determinants of resting vagal tone. Preclinical research is now attempting to fill this knowledge gap.

This paper focuses on current and past HRV research in rats that can potentially increase our understanding of the neurobiological mechanisms underlying vagal tone impairment/enhancement. It describes (i) how resting vagal tone is regulated and measured, (ii) the relations among individual differences in resting vagal tone, cardiac stress reactivity, and arrhythmia vulnerability, and (iii) the role of stress, psychosocial factors and physical exercise on the neural determination of resting vagal tone.

Origin, components, and measurements of resting vagal tone
==========================================================

Cardiac vagal activity is generated by cardiac vagal pre-ganglionic neurones mainly located in the nucleus ambiguous (NAmb) of the lower brainstem (Figure [1](#F1){ref-type="fig"}). Their axons innervate post-ganglionic motoneurones located in a ganglionic plexus on the heart itself (Cheng et al., [@B20]; Cheng and Powley, [@B19]) (Figure [1](#F1){ref-type="fig"}). Under resting conditions, this vagal pathway fires a rapid and continuous signal (or "tonus") to the sinoatrial node, slowing HR via acetylcholine release from efferent vagal nerve discharge. Vagally-released acetylcholine counteracts sympathetic effects both post-synaptically (via cAMP) and pre-synaptically (by reducing noradrenaline release from the sympathetic terminals) (Levy, [@B44]).

![**Schematic representation of the origin and components of cardiac vagal pathway**. Vagal activity is generated by preganglionic vagal neurons in the nucleus ambiguus (NAmb), which are tonically active. They receive phasic respiratory-related inhibitory influences from the central respiratory pattern generator and from the nucleus tractii solitary (NTS). Their axons innervate post-ganglionic motoneurones located in a ganglionic plexus on the heart itself.](fphys-05-00118-g0001){#F1}

Cardiac vagal activity is dependent on excitatory and inhibitory synaptic inputs (Mendelowitz, [@B54]), including baroreflex \[mediated by the nucleus tractus solitarii (NTS)\] and respiratory input (Rentero et al., [@B69]) (Figure [1](#F1){ref-type="fig"}). Breathing modulates cardiac vagal activity through two mechanisms: (i) directly by projections from the central respiratory pattern generator, and (ii) indirectly by ascending afferents from lung stretch receptors that are activated during inspiration (Figure [1](#F1){ref-type="fig"}). These ascending afferents activate GABA-ergic neurons in the NTS that inhibit cardiac vagal motorneurons in the NAmb (Figure [1](#F1){ref-type="fig"}). Collectively, these mechanisms produce respiratory sinus arrhythmia (RSA)---rhythmic oscillations of HR around its mean value---with increases in HR during inspiration as vagal influence is momentarily suppressed, and decreases in HR during the early expiration phase as vagal influence resumes. Although moment-to-moment HR fluctuations can also be generated in response to, for example, physical movement and blood pressure and thermoregulatory changes, respiration is reliably periodic. Therefore, the strength of vagal influence can be estimated by measuring the rhythmic oscillation in the intervals between consecutive heart beats that are due to RSA---this is called HRV (Task Force, [@B88]).

HRV analysis is an established tool to estimate cardiac autonomic regulation in humans and animal models. Although the suitability of using HRV parameters to estimate sympathetic modulation is highly debated (Reyes Del Paso et al., [@B70]), this approach produces reliable measures of vagal tone (Berntson et al., [@B4]; Reyes Del Paso et al., [@B70]). Traditional HRV methods fall under the broader description of being either "time-domain" or "frequency domain" analyses. Among time domain measures of HRV, which are assessed with calculations based on statistical operations on R-R intervals (Kleiger et al., [@B38]), the root mean square of successive R-R interval differences (RMSSD) detects high frequency oscillations of HR, and therefore estimates parasympathetic nervous system activity (Stein et al., [@B87]). Frequency domain measures are based on spectral analysis of a sequence of R-R intervals and provide information on how power (variance) is distributed as a function of frequency. Usually, three oscillatory components are distinguished in the spectral profile: the very low (VLF), the low (LF), and the high (HF) frequency band. The power of HF band includes respiration-linked oscillations of HR and therefore reflects the modulation of vagus nerve discharge caused by respiration (Berntson et al., [@B4]), whereas the LF and VLF bands are related to a more gradual interplay between sympathetic and parasympathetic influences (Reyes Del Paso et al., [@B70]). The power of LF and HF bands is often reported in normalized (relative or fractional) units, which correspond to the relative value of each power in proportion to the total power (usually minus the VLF component). In particular, LF to HF ratio is taken as a synthetic measure of sympatho-vagal balance as it estimates the fractional distribution of power (Task Force, [@B88]).

It is worth mentioning for completeness sake that algorithms based on the chaos theory and nonlinear dynamics have been developed in order to evaluate in greater detail the intrinsic complexity of HRV (for an historical overview of the evolution of the concept of HRV and its application see Billman, [@B7]). Nonlinear methods are based on the assumption that the mechanisms involved in HR regulation interact with each other in a nonlinear way. The basic concept of nonlinear HRV methods is to try to capture the non-periodic behavior and complexity that exist inside the R-R interval dynamics. Various nonlinear methods have been tested in several sets of R-R interval data (Bigger et al., [@B6]; Lombardi et al., [@B48]; Makikallio et al., [@B51], [@B50]; Huikuri et al., [@B32], [@B33]), providing additional prognostic information and complementing traditional time- and frequency-domain analyses.

Individual differences in resting vagal tone: physiological significance
========================================================================

Porges\' polyvagal theory (Porges, [@B66]) introduces a new perspective relating vagal tone during steady states (i.e., resting vagal tone) and vagal reactivity in response to environmental demands. According to this theory, measures of resting vagal tone are informative of an organism\'s ability to maintain homeostasis and the potential responsiveness of that organism. In particular, high levels of resting vagal tone can be considered a sign of autonomic flexibility, the capability of the parasympathetic nervous system to generate adequate responses to environmental challenges by modifying HR, respiration and arousal (Porges, [@B65],[@B66], [@B67]; Beauchaine, [@B2]). On the contrary, depression of vagal modulation may predict mismatches between environmental demands and cardiac (re)-activity, thus increasing vulnerability to cardiac arrhythmias and sudden cardiac death (Schwartz et al., [@B76]; Esler, [@B25]; Volders, [@B91]).

A deeper insight into the complex relations among individual differences in resting vagal tone, cardiac stress reactivity and arrhythmia vulnerability might be facilitated by HRV studies in rats. Conventional methods for HRV research in rats rely on conscious state electrocardiogram (ECG) recorded by telemetry (Sgoifo et al., [@B80]). By applying this approach, we obtained a detailed characterization of autonomic regulation of resting HR in two strains of rats, Wild-type and Wistar (Figure [2](#F2){ref-type="fig"}). Results indicate that Wild-type rats were characterized by higher HR than Wistar counterparts both during the dark/active and light/inactive phases of the daily cycle (Figure [2](#F2){ref-type="fig"}). HRV analysis allowed unveiling the autonomic determinants underlying the differences in resting HR between these two rat strains. As suggested by the vagal indexes RMSSD and HF power, Wild-type rats were clearly characterized by lower levels of vagal modulation compared to Wistar rats (Figure [2](#F2){ref-type="fig"}). Consequently, in Wild-type rats the sympatho-vagal balance (indexed by the LF to HF ratio) was shifted toward a sympathetic dominance (Figure [2](#F2){ref-type="fig"}). These results indicate that these two rat strains may be viewed as extremes, in terms of cardiac autonomic modulation, within the range of the natural variation of this species, and therefore may represent a valid model for investigating the neurobiological determinants underlying individual differences in resting vagal tone. As discussed before, this inter-individual variability may influence the individual\'s response to subsequent challenges. Addressing this issue, the two strains were tested under stress conditions (i.e., restraint test). Even though the peak HR reached in response to restraint stress was higher in Wild-type rats, these animals showed reduced overall HR stress responsiveness compared to Wistar rats, as suggested by the values of the area under the response curve above baseline (AUC) (Figure [3](#F3){ref-type="fig"}). In Wild-type rats, this phenomenon appeared to be related to a reduced vagal flexibility, namely a smaller vagal withdrawal in response to stress, and was coupled with a larger, although modest, vulnerability to arrhythmias compared to Wistar counterparts (Figure [3](#F3){ref-type="fig"}). Interestingly, a previous study demonstrated that arrhythmia vulnerability was remarkably larger in Wild-Type than Wistar rats in response to a social stressor (Sgoifo et al., [@B79]). Collectively, these findings support the view that low levels of vagal modulation of resting HR may be associated with an inability to flexibly generate adequate cardiac responses to stress, even in the absence of evident cardiovascular pathologies.

![**Daily rhythms of heart rate, RMSSD, spectral power in HF band (0.75--2.5 Hz) and LF (0.2--0.75 Hz) to HF ratio in 4-month-old Wild-type (*n* = 10) and Wistar (*n* = 10) rats**. These values (reported as means ± s.e.m.) were obtained by averaging multiple 2-min segments acquired every hour during the 12 hours-light and 12 hours-dark phases, as previously described in detail (Carnevali et al., [@B17]). Results of Two-Way ANOVA for repeated measures: group difference for heart rate (*F* = 103.7, *p* \< 0.01), RMSSD (*F* = 6.8, *p* \< 0.05) HF (*F* = 7.4, *p* \< 0.5), and LF to HF ratio (*F* = 4.4, *p* \< 0.05) values.](fphys-05-00118-g0002){#F2}

![**Cardiac response to a restraint stress in 4-month-old Wild-type (*n* = 10) and Wistar (*n* = 10) rats**. Panels **(A--C)** show the time course of changes in heart rate, RMSSD values, and high-frequency (HF, 0.75--2.5 Hz) spectral power, respectively, in baseline conditions (bas, 30 min) and during the restraint test (15 min). Each point during the restraint phase is the mean of 5-min intervals. Inner graphs in **(A--C)** represent the area under the response time curve above baseline (AUC) of heart rate, RMSSD, and HF values during the restraint phase. Panel **(D)** illustrates the incidence of cardiac arrhythmias during the restraint phase. Data analysis was conducted as described previously in detail (Carnevali et al., [@B17]). Values are reported as means ± s.e.m. ^\*^ and ^\#^ indicate a significant difference between HAB and LAB rats (*p* \< 0.05 and *p* \< 0.01, respectively; Student\'s *t*-test).](fphys-05-00118-g0003){#F3}

Effects of stress and psychosocial factors on vagal modulation of resting HR
============================================================================

Several humans studies provide clear and convincing evidence that chronic life stress, negative personality traits such us aggressiveness, anger, and hostility, anxiety and mood states contribute significantly to the pathogenesis and progression of cardiac disorders (Sloan et al., [@B81]; Friedman and Thayer, [@B26]; Rozanski et al., [@B73]; Gorman and Sloan, [@B28]; Lucini et al., [@B49]; Albus, [@B1]). Putative underlying mechanisms may include a disruption of the sympatho-vagal balance, through an increase in sympathetic activity and/or a decrease in vagal tone. Rat studies on the integration of stress, psychosocial factors, and cardiac autonomic neural control have just started investigating the underlying mechanistic links.

Stress
------

Several rat studies have investigated the short- and long-term effects of repeated stress exposure on cardiac autonomic regulation. In a study conducted by Trombini et al. ([@B89]), rats submitted to intermittent episodes of restraint stress showed a prolonged increase in resting vagal drive in the days that followed the end of the stress period, as indicated by the increase in the vagal index RMSSD. Likewise, in another study, sub-chronically stressed rats (5 days of footsocks) exhibited a substantial increase in resting vagal tone that lasted well beyond the duration of the stressor (Carnevali et al., [@B13]). This peculiar phenomenon might be called "enduring vagal rebound" or "persistent vagal rebound" (Carnevali et al., [@B13]). In the literature, the term "vagal rebound" usually refers to a short-term vagal hyperactivity following a stressor, a sympathetic overdrive or reperfusion following acute myocardial infarction (Chiladakis et al., [@B21]; Mezzacappa et al., [@B55]). In this study (Carnevali et al., [@B13]), it was a relatively persistent, long-term consequence of repeated stress exposure, whose underlying neurobiological determinants have yet to be determined. However, it appears that this enduring vagal rebound is corticosterone- and serotonin-independent, as it was not prevented by metyrapone (inhibitor of corticosteroid synthesis) or fluoxetine (serotonin-selective reuptake inhibitor) treatments (Carnevali et al., [@B13]). Such sustained vagal activation after repeated stress exposure has been interpreted as a sign of adaptation, a transient compensatory phenomenon that initially overcomes the commonly observed stress-induced sympathetic hyperactivity (Carnevali et al., [@B13]). This adaptation might fail after a more prolonged exposure to stress and/or exposure to a more severe stressor, leading the organism to a maladaptive phase of vagal withdrawal and sympathetic dominance. Indeed, like humans, the most pervasive stressors in rats fall within the social domain (Bjorkqvist, [@B8]; Sgoifo et al., [@B78]). On this regard, the resident-intruder stress paradigm (Miczek, [@B56]) is regarded as an ethologically relevant model of psychosocial stress in rats, which involves subjecting a male intruder rat to aggressive threats and overt attacks by an unfamiliar male rat (resident) in the resident\'s home cage. This stress paradigm has recently been applied to study the shared pathophysiology that links stress-related psychological disorders such as anxiety and depression with cardiovascular disease (Carnevali et al., [@B15], [@B18]; Wood et al., [@B92]; Sevoz-Couche et al., [@B77]). This raises another important issue that will be discussed in the next sections: the interplay between stress and related psychological disorders in the modulation of resting vagal tone.

Anxiety
-------

Cardiac autonomic function in rats displaying symptoms of stress-evoked anxiety was investigated in a study conducted by Sevoz-Couche et al. ([@B77]). In this study, HRV analysis was conducted in rats submitted to intermittent daily episodes of social defeat, following a classical resident-intruder paradigm. Five days after the last defeat, stressed rats showed symptoms of an anxiety-like behavior that were accompanied by signs of reduced vagal modulation of resting HR, as suggested by the decrease in the vagal indexes RMSSD and HF power (Sevoz-Couche et al., [@B77]). Interestingly, such reduction in cardiac vagal tone was prevented by inhibition of the dorsomedial hypothalamus (DMH) with muscimol and the blockade of the NTS 5-HT~3~ receptors with granisetron. During acute stress, the DMH acts on the rostral cuneiform nucleus that, in turn, activates the rostral periacqueductal gray (Netzer et al., [@B61]). Downstream to this structure, serotonin (5-HT) is released to activate 5-HT~3~ receptors that are localized presynaptically on NTS vagal afferents (Leslie et al., [@B43]) (Figure [1](#F1){ref-type="fig"}). When activated, these receptors trigger glutamatergic activation of local GABAergic interneurons that project to the NAmb on pre-ganglionic vagal neurons, thereby inhibiting vagal activity (Loewy, [@B47]) (Figure [1](#F1){ref-type="fig"}). Therefore, it is reasonable to hypothesize that chronic activation of 5-HT~3~ receptors in the NTS due to overactivity of 5-HT in this region and/or hypersensitivity of 5-HT~3~ receptors is at the origin of vagal tone impairment in repeatedly stressed animals. These findings highlight the role of DMH and NTS in vagal tone impairment following repeated social challenge.

The alterations in cardiac vagal tone that have been described in this animal model of stress-evoked anxiety may also characterize other forms of anxiety. Addressing this issue, we have recently investigated cardiac autonomic function in a rat model of trait anxiety, namely Wistar rats selectively bred for either high (HAB) or low (LAB) anxiety-related behavior (Carnevali et al., [@B16]). The HAB/LAB rats have been proved to display robust and consistent differences in their level of baseline anxiety (Landgraf and Wigger, [@B41]) and therefore represent a valid and reliable model for investigating the autonomic correlates of extremes in anxiety-related behavior. HAB rats clearly displayed a lower vagal modulation of resting HR (indexed by RMSSD and HF values) compared to LAB rats during both the light/inactive and dark/active phases of the daily cycle (Figure [4](#F4){ref-type="fig"}). One of the most puzzling findings was that, despite this evident difference in resting vagal tone, HAB and LAB rats had similar HR values (Figure [4](#F4){ref-type="fig"}). This is indicative of the fact that simple measurements of HR do not necessarily provide accurate insights into the functional regulatory characteristics of the autonomic nervous system. Indeed, mean HR values are indicative of the net effects of sympathetic and vagal influences on cardiac activity, which often result from a combination of concurrent changes in activity within both branches (Berntson et al., [@B5]). Therefore, it is reasonable to hypothesize that the reduced cardiac vagal tone observed in HAB rats was coupled with a decreased cardiac sympathetic influence on the sinoatrial node compared to LAB rats. Supporting this view, HAB and LAB rats showed similar LF to HF ratio (index of sympatho-vagal balance), suggesting that vagal and sympathetic influences on cardiac pacemaker activity were equally balanced in the two groups, leading to similar HR values (Figure [4](#F4){ref-type="fig"}). When tested under stress conditions (i.e., restraint test), HAB rats showed reduced HR stress responsiveness compared to LAB counterparts, as suggested by the values of the area under the response curve above baseline (AUC) (Figure [5](#F5){ref-type="fig"}). In HAB rats, this phenomenon appeared to be related to a reduced vagal flexibility, namely a smaller vagal withdrawal in response to stress, and was coupled with a tendentially larger vulnerability to ventricular arrhythmias compared to LAB counterparts (Figure [5](#F5){ref-type="fig"}). These findings support the view that a low tonic vagal modulation of HR in HAB rats may have determined an inability to flexibly generate adequate cardiac responses to environmental demands. Furthermore, these findings provide a strong basis for future mechanistic investigation aimed at defining, using this rat model, the central neural determinants of vagal control impairment in individuals with high levels of baseline anxiety.

![**Daily rhythms of (A) heart rate, (B) RMSSD, (C) spectral power in HF band (0.75--2.5 Hz) and (D) LF (0.2--0.75 Hz) to HF ratio in 4-month-old Wistar rats selectively bred for either high (HAB, *n* = 10) or low (LAB, *n* = 10) anxiety-related behavior**. These values (reported as means ± SEM) were obtained by averaging multiple 2-min segments acquired every hour during the 12 h-light and 12 h-dark phases, as previously described in detail (Carnevali et al., [@B16]). Results of two-way ANOVA for repeated measures: group difference for RMSSD (*F* = 16.4, *p* \< 0.01) and HF (*F* = 17.48, *p* \< 0.01) values. Modified from Carnevali et al. ([@B16]).](fphys-05-00118-g0004){#F4}

![**Cardiac response to a restraint stress test in 4-mont-old Wistar rats selectively bred for either high (HAB, *n* = 10) or low (LAB, *n* = 10) anxiety-related behavior**. Panels **(A--C)** show the time course of changes in heart rate, RMSSD values and high-frequency (HF, 0.75--2.5 Hz) spectral power in baseline conditions (bas, 30 min) and during the restraint test (15 min), respectively. Each point during the restraint phase is the mean of 5-min intervals. Inner graphs in **(A--C)** represent the area under the response time curve above baseline (AUC) of heart rate, RMSSD and HF values during the restraint phase. Panel **(D)** illustrates the incidence of cardiac arrhythmias during the restraint phase. Values are reported as means ± s.e.m. ^\*^ and ^\#^ indicate a significant difference between HAB and LAB rats (*p* \< 0.05 and *p* \< 0.01, respectively; Student\'s *t*-test). Modified with permission from Carnevali et al. ([@B16]).](fphys-05-00118-g0005){#F5}

Depression
----------

The complex interplay among social stress, depression and autonomic neural modulation of HR was investigated in a rat model of social stress by Wood et al. ([@B92]). Rats exposed to 7 consecutive days of social defeat displayed symptoms of a depressive-like state. Forty eight hours after the final social defeat stress, depressed rats showed reduced HRV and signs of sympathetic predominance (increased LF to HF ratio). It was not determined whether such autonomic imbalance was due to a decrease in vagal tone and/or an increase in sympathetic tone. Similar changes in cardiac autonomic neural outflow were observed in rats submitted to a chronic mild stress model of depression (Grippo et al., [@B30], [@B29]). Importantly, such abnormal modulation of resting HR in depressed rats was partially abolished by fluoxetine treatment (Grippo et al., [@B29]), suggesting a potential involvement of 5-HT neurotransmission in mediating autonomic changes in depressed individuals. Supporting this view, a study conducted by Hildreth et al. ([@B31]) provided evidence of resting vagal tone impairment in a genetic rat model of depression (i.e., the Flinders-Sensitive Line rat) that was related to abnormal serotonergic control of vagal modulation of HR. Human studies indicate that brain 5-HT levels (Mann and Stoff, [@B52]) and 5-HT receptor function, particularly the 5-HT~1A~ receptors (Parsey et al., [@B64]), are abnormal in depression. Importantly, it has been demonstrated that chronic social defeat downregulates the 5-HT~1A~ receptor in the rat brain (Kieran et al., [@B37]). The 5-HT~1A~ receptors play an important role in inhibiting sympathetic neurons located in the medullary raphe area that activates the heart during stress (Nalivaiko, [@B58]; Nalivaiko and Sgoifo, [@B59]). In addition to sympathoinhibition, activation of 5-HT~1A~ receptors may have vagomimetic effects (Ngampramuan et al., [@B62]; Dutschmann et al., [@B23]; Carnevali et al., [@B14]). Indeed, given that vagal preganglionic neurons in the NAmb are under tonic inhibition by GABA-ergic interneurons that express 5-HT~1A~ receptors, activation of such inhibitory 5-HT~1A~ receptors may lead to disinhibition of cardiomotor vagal neurons and consequently increase cardiac vagal tone (Jordan, [@B35]) (Figure [1](#F1){ref-type="fig"}). Therefore, a decreased density/function of 5-HT~1A~ receptors in these areas may be at the origin of the imbalance in the autonomic neural modulation of resting HR in chronically stressed and depressed individuals. Further work is required in order to determine whether serotonergic mechanisms do contribute to driving the changes in autonomic modulation of resting HR in rat models of depression.

Aggressiveness
--------------

The association between personality traits (i.e., aggressiveness) and autonomic neural control of resting HR was the focus of one of our recent investigations (Carnevali et al., [@B17]). In this study, high-aggressive (HA) and non-aggressive (NA) rats were selected from a population of adult male Wild-type rats on the basis of their latency time to attack a male intruder in a classical resident-intruder test performed on 3 consecutive days (HA: mean attack latency \<90 s; NA: no overt aggression during the three tests, each lasting 600 s) (Koolhaas et al., [@B40]). As suggested by RMSSD and HF power indexes, HA rats exhibited lower levels of vagal modulation of resting HR during both the light/inactive and dark/active active phases of the daily cycle (Figure [6](#F6){ref-type="fig"}). However, despite different levels of resting vagal tone, HA and NA rats had similar HR values (Figure [6](#F6){ref-type="fig"}). Similarly to what has been argued above, it has been hypothesized that the reduced cardiac vagal tone observed in HA rats was coupled with a decreased sympathetic influence on sinoatrial node activity compared to NA rats. Consequently, vagal and sympathetic influences were equally balanced in the two groups (LF to HF ratio), leading to similar HR values (Figure [6](#F6){ref-type="fig"}) (Carnevali et al., [@B17]). When tested under stress conditions (i.e., restraint and psychosocial stress test), HA and NA rats showed similar tachycardic responses. However, under these conditions HA rats displayed lower vagal antagonism and larger incidence of tachyarrhythmias compared to NA rats (Figure [7](#F7){ref-type="fig"}) (Carnevali et al., [@B17]). In addition, injection of beta adrenergic agonist isoproterenol provoked a much larger incidence of ventricular tachyarrhythmias in HA rats compared to NA counterparts (Carnevali et al., [@B17]) (Figure [7](#F7){ref-type="fig"}). The results of this study support the view that low levels of vagal modulation of resting HR are associated with arrhythmia susceptibility that may predict vulnerability to cardiac morbidity and mortality. Future mechanistic experiments using this rat model are needed in order to determine the neural determinants of vagal control impairment in aggressive individuals.

![**Daily rhythms of heart rate, RMSSD, spectral power in HF band (0.75--2.5 Hz) and LF (0.2--0.75 Hz) to HF ratio in high-aggressive (HA, *n* = 10) and non-aggressive (NA, *n* = 10) Wild-type rats**. For the 12 hours-light and 12 hours-dark phases, values are reported as means ± s.e.m. of data obtained by averaging multiple 2-min segments acquired every hour over a period of 6 days. ^\*^ and ^\#^ indicate a significant difference between HAB and LAB rats (Student\'s *t*-test, *p* \< 0.05 and *p* \< 0.01, respectively). Modified with permission from Carnevali et al. ([@B17]).](fphys-05-00118-g0006){#F6}

![**Incidence of arrhythmias in high-aggressive (HA, *n* = 10) and non-aggressive (NA, *n* = 10) Wild-type rats during a restraint test (panel A), a psychosocial stress test (panel B) and following β-adrenoceptor pharmacological stimulation with isoproterenol (panel C)**. Values are reported as mean ± s.e.m. of number of events (n) per 15-min recording period. ^\*^ and ^\#^ indicate a significant difference between HA and NA rats (*p* \< 0.05 and *p* \< 0.01, respectively). Reproduced with permission from Carnevali et al. ([@B17]).](fphys-05-00118-g0007){#F7}

Effects of physical exercise on vagal modulation of resting HR
==============================================================

Human studies provide evidence that regular physical exercise increases life expectancy in healthy individuals and reduces cardiac-related events in patients with coronary heart disease and heart failure (Rosenwinkel et al., [@B71]; Buch et al., [@B12]). The cardioprotective effects of physical training may be mediated, at least in part, by an increase in vagal modulation of resting HR (Crimi et al., [@B22]). However, central neural mechanisms that underlie these exercise-induced effects on vagal tone are not well understood. Cardiac autonomic adaptation induced by physical training has been subject of research in several carefully designed and rigorously conducted rat studies. These studies reported a clear decrease in resting HR in rats submitted to training with aerobic exercises (i.e., swimming, running) (Medeiros et al., [@B53]; Rossi et al., [@B72]; Souza et al., [@B86]; Sant\'Ana et al., [@B75]; Neto et al., [@B60]). The effect of the autonomic nervous system in mediating training-induced resting bardycardia was investigated by means of (i) pharmacological approaches (after cardiac muscarinic and adrenergic blockade) and (ii) HRV analysis. Resting bradycardia after exercise training was mainly explained by a vagal effect (Medeiros et al., [@B53]) or by a reduction in intrinsic HR accompanied by a moderate increase in vagal modulation (indexed by HF spectral power values) (Rossi et al., [@B72]; Souza et al., [@B86]; Sant\'Ana et al., [@B75]; Neto et al., [@B60]).

One possible limitation of these studies is that they applied protocols of forced exercise (treadmill or swimming). In doing so, the effects of physical exercise *per se* on cardiac autonomic function might have been confounded by the effects of accompanying psychological stress (the effects of repeated stress exposure on vagal modulation have been discussed before). On this regard, an elegant study conducted by Beig et al. ([@B3]) investigated the effects of voluntary running on cardiac autonomic function. This study addressed another important issue: that is, whether the effects of voluntary exercise on autonomic function were long-lasting. This question is of major relevance, since loss of exercise-induced cardioprotection has been described soon after exercise cessation (Lin and Horvath, [@B46]). Rats submitted to a protocol of voluntary exercise exhibited resting bradycardia associated with increased vagal modulation (indexed by HF spectral power values) (Beig et al., [@B3]). Importantly, these effects persisted 10--12 days after termination of the training protocol, suggesting that voluntary exercise has an enduring effect on resting vagal tone.

Interestingly, voluntary training did not affect stress-induced tachycardia, but augmented resistance to cardiac arrhythmias, as evidenced by the higher doses of the proarrhythmic drug aconitine needed to provoke arrhythmic effects in trained rats (Beig et al., [@B3]). Such antiarrhythmic effect of exercise training seems to reflect electrophysiological changes (i.e., prolongation of the effective refractory period) induced by long-lasting increase in vagal outflow in trained rats (Beig et al., [@B3]). This suggests that the benefits of increased resting vagal tone induced by exercise training may be attributed to (i) an HR-lowering effect and (ii) other parasympathetic effects on the electrophysiological properties of the myocardium. However, the mechanistic links whereby physical training provokes changes in resting vagal outflow are currently unknown. One hypothesis is that exercise might reduce tonic GABA~A~ergic inhibition of neurons in the NTS involved in HR control (Figure [1](#F1){ref-type="fig"}), therefore increasing vagal influences on cardiac peacemaker activity (Mueller and Hasser, [@B57]). Given that physical exercise increases central 5-HT synthesis (Blomstrand et al., [@B9]), and that central 5-HT increases vagal modulation in conscious rats (Ngampramuan et al., [@B62]), it is tempting to speculate that activation of inhibitory 5-HT~1A~ receptors located on GABA-ergic interneurons in the Namb might mediate disinhibition of cardiomotor vagal neurons in that area (Figure [1](#F1){ref-type="fig"}). Further work is required in order to (i) evaluate potential correlations between duration/intensity of voluntary exercise and effects on resting vagal tone and (ii) provide a more comprehensive understanding of central neural mechanisms underlying exercise-induced vagal tone enhancement.

Concluding remark
=================

The influence of vagal tone on resting HR is highly variable among individuals. Several psychosocial and physiological conditions are thought to contribute significantly to this large inter-individual variability. From the data summarized in this paper, it is quite evident that rat studies can be extremely useful for investigating (i) the effects of stress, psychosocial factors, and physical exercise on vagal modulation of resting HR, and (ii) the consequences of such effects on cardiac stress reactivity and arrhythmia vulnerability. Moreover, the results of these studies have provided preliminary insights into the central neural mechanisms underlying vagal tone impairment/enhancement, which may be exploited by future experiments aimed at developing pharmacological approaches for enhancing vagal activity and cardioprotection.
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DMH

:   dorsomedial hypothalamus

HA

:   high-aggressive

HAB

:   high-anxiety behavior

HF

:   high frequency

HR

:   heart rate

HRV

:   heart rate variability

LAB

:   low-anxiety behavior

LF

:   low frequency

NA

:   non-aggressive

NAmb

:   nucleus ambiguus

NTS

:   nucleus tractus solitarii

RMSSD

:   root mean square of successive R-R interval differences

RSA

:   respiratory sinus arrhythmia

VLF

:   very low frequency

5-HT

:   serotonin.
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